Introduction
The pathophysiological features observed in thalassemia are likely triggered by increased but inefficacious erythropoiesis, underscoring its dominant role over other physiological processes, such as iron metabolism and bone homeostasis. Identification of new players that control erythropoiesis [1,2 -4 ] will enable studies that may lead to new approaches for limiting ineffective erythropoiesis and excessive iron absorption.
Thalassemias: monogenic disorders with pleiotropic effects
The thalassemias are due to a large number of mutations causing abnormal globin gene expression and resulting in total absence or quantitative reduction of globin chain synthesis [5] . Alpha-thalassemia is usually due to deletions within the alpha-globin gene cluster, leading to loss of function of one or both alpha-globin genes in each locus [6] . If three out of four genes are mutated, the condition is called hemoglobin H (HbH) disease, resulting in a hemolytic anemia that can worsen with febrile illness or exposure to certain chemicals, drugs, or infectious agents. HbH disease is characterized by moderateto-severe anemia, hepatosplenomegaly, and jaundice. If all four alpha-globin genes are deleted, the resulting condition is called alpha-thalassemia major, which is so severe that death often occurs in utero. In contrast to alpha-thalassemia, the majority of the molecular defects associated with beta-thalassemia are usually point mutations involving only one or a limited number of nucleotides. Mutations in the promoter and within the transcribed sequence result in a major defect of betaglobin gene expression either at the transcriptional or posttranscriptional levels [5] . Notably, more than 200 different mutations have been associated with the beta-thalassemia condition [5, 7] . A list of these hemoglobin variants is available online at the database HbVar (http://globin.bx.psu.edu/hbvar) [7] .
Purpose of review
In thalassemia, ineffective erythropoiesis is characterized by apoptosis of the maturing nucleated erythroid cells. New studies also suggest that limited erythroid cell differentiation plays a role in the development of ineffective erythropoiesis. This would further exacerbate anemia and increase iron absorption.
Recent findings
During erythroid differentiation and maturation, it is critical that the components of hemoglobin are made in stoichiometric amounts. It is, therefore, conceivable that factors that modify this process intrinsically or extrinsically will also affect erythropoiesis. Several proteins have the potential to alter erythroid replication and differentiation in conditions of ineffective erythropoiesis. Elevated erythropoietin levels increase the number of erythroid precursors bearing a phosphorylated form of Jak2. This, in a pathological condition, may contribute to limited erythroid differentiation. Unbalanced synthesis of globins and heme modifies the activity of the heme-regulated inhibitor kinase, affecting proliferation and differentiation of the erythroid precursors. In addition, inefficient elimination of reactive oxygen species, which are increased under conditions of iron overload, may also hamper erythropoiesis. Summary Use of Jak2 inhibitors may limit the overproduction of immature erythroid cells in thalassemia, with the potential of reversing extramedullary hematopoiesis and preventing splenectomy. In addition, preventing iron overload and formation of reactive oxygen species may also be beneficial in limiting tissue damage and ineffective erythropoiesis.
Ineffective erythropoiesis could develop under conditions in which erythroid progenitor precursors either fail to mature, die in the process of becoming erythrocytes, or develop into erythrocytes that are abnormal and die prematurely. Although the erythron is expanded in ineffective erythropoiesis, this results in only a limited number of erythrocytes being produced, far fewer than the same number of erythroid progenitor cells could generate under normal circumstances. The notion of ineffective erythropoiesis in thalassemia was first described using ferrokinetic parameters by Huff et al. [8] and further elaborated on by Finch and colleagues [9] [10] [11] [12] . Ineffective erythropoiesis was further characterized showing that apoptosis of the erythroid precursors, due to chain imbalances, leads to medullary as well as intravascular hemolysis [13, 14] . However, the apoptotic patterns in thalassemic patients as well as in mouse models of thalassemia point to additional mechanisms that may contribute to this process, as will be described later in this review.
Ineffective erythropoiesis leads to erythroid marrow expansion ( Fig. 1 ). Extramedullary erythropoietic tissues, primarily in the thorax and the paraspinal regions, can lead to characteristic deformities of the skull and face, osteopenia, and demineralization of the bones, which are then prone to fractures. The excessive erythropoietic activity exacerbates the anemia by progressive splenomegaly. Splenic sequestration of red cells may develop, accelerating destruction of abnormal as well as transfused normal red blood cells (RBCs). Splenectomy may help decrease transfusion requirements for patients with splenomegaly. Unfortunately, after the spleen is removed, patients may be at a greater risk for stroke and infections [15 ] .
Patients affected by the most severe forms of thalassemia require chronic blood transfusions to sustain life and chelation therapy to prevent iron overload. Those affected by beta-thalassemia intermedia do not require chronic blood transfusions but eventually develop elevated body iron loads also due to increased gastrointestinal iron absorption [16] . As loading continues, the capacity of transferrin, the main transport protein of iron, to bind and detoxify this essential metal may be exceeded. The resulting nontransferrin-bound iron (NTBI) fraction within plasma may promote the generation of reactive oxygen species (ROS), propagators of oxygen-related damage [17] [18] [19] . Iron overload is responsible for the most damaging effects of the thalassemias, making iron chelation a major focus of the management of these diseases. In addition, as iron accumulates in the organs, dysfunction of the liver, endocrine glands, and heart become the main factors in limiting the survival of patients with betathalassemia [20, 21] . Only some of the many potential effects due to ineffective erythropoiesis and iron overload are listed. The role of iron in altering bone and endocrine homeostasis is not completely understood.
Iron absorption is increased in conditions of ineffective erythropoiesis
Iron absorption studies in patients affected by betathalassemia intermedia show that the rate of iron loading from the gastrointestinal tract is approximately three to four times greater than normal [16, [22] [23] [24] . In nontransfused patients with severe thalassemia, abnormal dietary iron absorption results in an increased body iron burden between 2 and 5 g per year depending on the severity of erythroid expansion [25] . Analysis of nontransfused adult patients with HbH disease also indicates that iron overload is common in this disorder [26] . If regular transfusions are required, as in beta-thalassemia major patients, this doubles the rate of iron accumulation. In addition to the transfusion-related iron overload, increased iron absorption also plays a role in beta-thalassemia major, in which its importance is inversely related to Hb levels [27, 28] .
Erythropoiesis and iron metabolism are extremely intertwined in that alteration of one of the two may have a major impact on the second. In thalassemia, the mechanisms that control iron homeostasis are likely mediated by the relative levels of ineffective erythropoiesis, hypoxia, and iron overload [29] . Hepcidin, a circulating peptide hormone [30] , responds to iron overload, limiting or preventing the activity of ferroportin, the iron export molecule, which is expressed in enterocytes and macrophages [31] . However, hepcidin expression can be greatly reduced in conditions of high erythroid demand, apoptosis, hypoxia, and if levels of erythropoietin (Epo) are increased [32,33 ,34 ,35 ,36] . Therefore, though very low levels of hepcidin are extremely helpful in resolving acute or transient blood loss, its continued downregulation will result in iron overload due to the inadequacy of ineffective erythropoiesis in addressing anemia.
The situation in thalassemia is complicated by the relative level of ineffective erythropoiesis and the body iron content that increases over time due to elevated rates of iron absorption or repeated blood transfusions. In addition, blood transfusion can partially suppress ineffective erythropoiesis, limiting iron absorption. This was illustrated in studies with mouse models of beta-thalassemia and then using human thalassemic specimens. However, the mouse models need to be carefully compared to beta-thalassemia patients before any conclusion can be extended to humans [37 ] . For instance, patients affected by thalassemia intermedia can exhibit lower Hb levels than the corresponding mouse counterpart. With these Hb levels, ineffective erythropoiesis may be more severe in patients than in mice, and this will likely result in lower hepcidin synthesis affecting iron distribution also. In beta-thalassemia major, mice are generally not transfused. Therefore, ineffective erythropoiesis is more severe, and synthesis of hepcidin is expected to be lower than that found in thalassemia major patients who are chronically transfused [38 ,39 ] . Keeping these differences in mind, the studies in mice were the first to indicate that hepcidin is downregulated in thalassemia [40] [41] [42] 43 ] . Mice affected by beta-thalassemia intermedia (th3/þ and th1/th1) had relatively low hepcidin expression levels, given their degree of iron overload. In these animals, the level of hepcidin increased with increasing levels of organ iron concentrations (Fig. 2) , indicating that in this model hepcidin is still partially responsive to iron overload. In fact, analysis of 1-year-old th3/þ mice indicated that hepcidin expression was similar to or greater than that of control mice. However, in these older animals, upregulation of ferroportin in the duodenum was likely responsible for causing iron overload at that age [43 ] . In contrast, the extreme level of ineffective erythropoiesis in mice affected by thalassemia major (th3/th3) [44] prevents hepcidin from sensing the iron burden and keeping its expression very low. Similarly to humans, blood transfusion in these animals increased hepcidin expression and partially suppressed ineffective erythropoiesis [43 ,45 ] . These studies were confirmed and further extended using human specimens in which urinary hepcidin levels were lower than would be predicted, given the iron burden, and transfusion led to its increase [39 ,46] . Overall, these studies suggest that abnormal iron absorption could be prevented by administration of hepcidin (Gardenghi et al., in preparation) . Such therapeutic approaches are worth investigating for their potential to reduce iron overload in thalassemias and other forms of anemia associated with ineffective erythropoiesis.
Ineffective erythropoiesis in thalassemia: a role for Jak2 and Jak2 inhibitors?
Decreased erythroid cell differentiation may contribute to ineffective erythropoiesis, exacerbating anemia [4 ]. The slow progression of the disease in mice affected by thalassemia intermedia closely mimics that in transfusion-independent thalassemic patients who eventually develop splenomegaly. Although the enlarged spleen in these patients sequesters erythrocytes, reducing Hb levels, the exact cause of the splenomegaly and characterization of the various splenic populations is unknown. Our data, from both thalassemic mice and patient specimens, shed light on this phenomenon, suggesting that an increased number of proliferating erythroid progenitors accumulate in the spleen under conditions of ineffective erythropoiesis [4 ] . In these studies, a greater than normal percentage of erythroid cells were in S-phase, exhibiting an erythroblast-like morphology [4 ] . Thalassemic erythroid cells were associated with the expression of cell cycle promoting genes such as EpoR, Jak2, cyclin-A, Cdk2, Ki-67, and the antiapoptotic protein Bcl-X L . They also differentiated less than normal cells in vitro. Administration of a Jak2 inhibitor to thalassemic mice Ineffective erythropoiesis and thalassemias Rivella 189 partially reversed ineffective erythropoiesis and decreased spleen size with limited effect on anemia [4 ] (Fig. 3 ).
If this model is correct, splenomegaly might arise as the rate of differentiation is further reduced, leading to increased sequestration of erythrocytes progressively exacerbating the process. Transfusion-independent tha-lassemia intermedia patients, if affected by splenomegaly, often develop a need for blood transfusion therapy, and many patients eventually require splenectomy. It is appealing to speculate that thalassemia intermedia patients affected by splenomegaly could be treated temporarily with Jak2 inhibitors to reduce the spleen size and, in the presence of blood transfusion, to prevent further anemia. Moreover, our recent data on transfused and nontransfused th3/þ and th3/th3 mice suggest that even patients affected by beta-thalassemia major, who may develop splenomegaly and extramedullary hematopoiesis (EMH), might benefit from administration of Jak2 inhibitors (Melchiori et al., in preparation). In these settings, the use of Jak2 inhibitors would be expected to limit or reduce splenomegaly, thereby preventing or delaying the need for splenectomy and indirectly improving the management of anemia by reducing the rate of blood transfusions.
A further implication of this model is, as the level of erythroid differentiation decreases, the anemia would worsen thereby increasing serum Epo levels. Although Epo administration may be beneficial under some circumstances [47] , when splenomegaly, iron overload, and ineffective erythropoiesis are already present, increasing Epo levels would further aggravate the ineffective erythropoiesis, raising the number of progenitor erythroid cells, which would then fail to differentiate [4 ]. However, high Epo levels alone are unlikely to drive this mechanism. Although high Jak2 activity driven by Epo is necessary to increase cell proliferation, it is not likely to be sufficient to prevent cell differentiation. In fact, mutations associated with constitutive activation of Jak2 in erythropoiesis lead to polycythemia vera rather than ineffective erythropoiesis [48] . Therefore, based on this model, additional extreme physiological conditions, in addition to the activation of Jak2, need to occur to interfere with erythroid cell differentiation (Fig. 4 ).
Unbalanced synthesis of heme and globin chains: could they affect erythroid differentiation in thalassemia?
Absent or reduced erythroid differentiation in beta-thalassemia is a difficult concept to fathom. It seems paradoxical that when the body most needs erythrocytes, it would diminish their production. Several intrinsic and extrinsic mechanisms can be postulated to explain this phenomenon. Intrinsic mechanisms may play a major role in conditions of very low or absent beta-globin synthesis and would affect erythropoiesis as soon as hemoglobin production was impaired. For instance, cells with defective beta-globin synthesis may possess an intrinsic safety mechanism that limits the differentiation process in the absence of a stoichiometric quantity of alpha-globin and beta-globin chains. Under these conditions, and in the presence of high Epo levels, the cells may proliferate or, alternatively, slow down rather than differentiate or die. Alternatively, an excess of heme might provide a signal to prevent cell differentiation, which would otherwise lead Ineffective erythropoiesis and thalassemias Rivella 191
Figure 3 Potential causes that limit erythroid differentiation in thalassemia
Simplified schema showing the differentiation of (a) normal erythroid precursors. In beta-thalassemia, an expansion of the erythroid progenitor cells occurs (b) leading to extramedullary hematopoiesis (EMH), splenomegaly, and increased iron absorption. Administration of pJak2 inhibitors (c) reduces that pool of the erythroid progenitor cells, ameliorating splenomegaly. In a speculative way, this may also lead to decreased iron absorption, though inhibition of pJak2 may also decrease red cell production. We also hypothesize that in condition of severe ineffective erythropoiesis (d), combined administration of Jak2 inhibitors and blood transfusion (TX) may result in the most effective way to reverse EMH and splenomegaly.
to a level of alpha-globin aggregates and ROS too toxic for survival ( Fig. 4) .
Heme-regulated translation mediated by the hemeregulated inhibitor kinase (HRI) provides one major mechanism that ensures balanced synthesis of globins and heme. HRI phosphorylates the alpha-subunit of eukaryotic translational initiation factor 2 (eIF2alpha) in heme deficiency, thereby inhibiting protein synthesis globally. In betathalassemia, HRI is essential in determining RBC size, number, and Hb content, in reducing excess synthesis of globin chains and heme under suboptimal conditions, and finally in reducing the severity of the disease [1,2 -4 ]. Therefore, still unknown downstream effectors of HRI may be activated in thalassemic cells and contribute to limiting erythroid cell differentiation.
Reactive oxygen species decrease the lifespan of red blood cells: could they also limit erythroid differentiation?
Expansion of the erythron, in combination with hypoxia, greatly increases iron absorption, leading to generation of ROS, which in turn may also affect erythropoiesis. There is substantial evidence indicating that some aspects of the disorder in beta-thalassemia are mediated by oxidative stress [49 ] . In red blood cells derived from patients with beta-thalassemia, ROS levels were elevated, and the corresponding reduced glutathione (GSH) levels were lower than their normal counterparts [50] . Oxidative stress in thalassemic blood cells may explain clinical symptoms, such as the anemia due to the short survival of mature RBC in the circulation, and therefore treatment with antioxidants may have a potential clinical benefit [50] .
In support of this notion, addition of antioxidants, such as the compound N-acetylcysteine (NAC) and its derivative AD4, reduced oxidative stress in blood cells derived from thalassemic patients. The effect of antioxidants significantly reduced the rate of hemolysis of thalassemic RBCs and their phagocytosis by macrophages [51 ] . In addition, intraperitoneal injection of AD4 to th3/þ mice reduced the parameters of oxidative stress [51 ] . However, long-term studies need to be performed to evaluate whether antioxidants can prevent the worsening of ineffective erythropoiesis, splenomegaly, and anemia as seen in these animals over time.
Another piece of evidence that ROS may affect erythropoiesis comes from studying the Forkhead Box O (FoxO) family of transcription factors, which were shown to play an essential role in the regulation of oxidative stress in hematopoietic stem and erythroid cells (reviewed in [52 ] . In particular, these proteins belong to the Forkhead family of winged helix transcription factors, of which the most representative is the mammalian homolog DAF-16 in Caenorhabditis elegans [52 ] . Activation of DAF-16 results in a significant increase in C. elegans lifespan, partly through its mediation of defense against oxidative stress [52 ] .
Studies in a mouse model null for FoxO3 indicated that this protein is essential in red cell survival [3 ] . Absence of FoxO3 was associated with reduction in erythrocyte lifespan as well as an enhanced mitotic arrest in intermediate erythroid progenitor cells, resulting in a decreased rate of erythroid maturation. FoxO3-null erythrocytes also showed decreased expression of ROS-scavenging enzymes and evidence of oxidative damage. In fact, mice deficient in FoxO3 die rapidly when exposed to oxidative stress induced by phenylhydrazine. Interestingly, the mitotic arrest as well as the shortened lifespan of the FoxO3-null erythrocytes improved following treatment of the mice with the reducing agent NAC. This raises the interesting possibility that ROS levels regulate not only RBC survival, but also the maturation process of the progenitor erythroid cells. Activation of FoxO3 on one hand could directly protect the erythroid cells from ROSrelated damages, whereas on the other hand it would slow down their maturation. This would decrease hemoglobin synthesis and, indirectly, the formation of additional ROS molecules (Fig. 4 ).
Conclusion
Recent studies in thalassemia suggest the possibility that intrinsic and extrinsic mechanisms play some role in During the early stage of beta-thalassemia, the genetic defects lead to apoptosis (a), triggering anemia and erythropoietin (Epo) synthesis (b). Increased Epo production prompts proliferation of more erythroid progenitor cells through Jak2 signaling (c). However, additional intrinsic and extrinsic factors likely limit erythroid cell differentiation in association with the phosphorylated and active form of Jak2, pJak2 (d). In turn, pJak2 and these yet uncharacterized factors exacerbate anemia, leading to even higher Epo levels and increasing levels of ineffective erythropoiesis (e). ROS, reactive oxygen species.
limiting erythroid differentiation, thereby worsening anemia. These mechanisms might contribute differentially to ineffective erythropoiesis in each patient depending on the level of beta-globin synthesis and other extrinsic factors such as iron overload. Recently, the synthesis of transferrin receptor 1 (TfR-1) [53 ] and the activity of the transcriptional factor C/EBPalpha, which is required for hepcidin expression, have been associated to the Epo/EpoR/Jak2/Stat5 pathway [34 ] . In addition, it has been shown that phosphorylation and recycling of Fpn1 requires Jak2 activity [54 ] . Therefore, Jak2 might represent one of the major links at the interface between erythropoiesis and iron metabolism. Use of Jak2 inhibitors, antioxidant, and analogs of the protein hepcidin may be of value in limiting ineffective erythropoiesis and abnormal iron absorption. Future studies will address whether these scenarios and potential therapeutic options are sound. Further study in mouse models of beta-thalassemia and other hemoglobinopathies characterized by ineffective erythropoiesis followed by rigorous studies in patients will address these questions.
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